The sensory drive theory predicts that signals, sensory systems, and signaling behavior 13 should coevolve. Variation in the sensory systems of prey and predators may explain the 14 diversity of color signals, such as color polymorphism. The spider Gasteracantha 15 cancriformis (Araneidae) possesses several conspicuous color morphs. The aim of the 16 present study was to assess whether the color polymorphism of G. cancriformis may be 17 maintained by pressure from multiple signal receivers, such as prey and predators with 18 distinct color vision systems. Although, the multiple receivers world is a more realistic 19 scenario, it has received little attention. In orb-web spiders, the prey attraction hypothesis 20 states that conspicuous colors are prey lures that increase spider foraging success via 21 flower mimicry. However, in highly defended species, conspicuous colors could also be 22 a warning signal to predators. We used color vision modelling to estimate chromatic and 23 achromatic contrast of G. cancriformis morphs as perceived by potential prey and 24 predator taxa. Our results revealed that individual prey and predator taxa perceive the 25 conspicuousness of morphs differently. For instance, the red morph is perceived as quite 26 conspicuous to lepidopteran prey and avian predators, but not by other insects.
INTRODUCTION 37
The evolution and maintenance of color polymorphism have traditionally been attributed 38 to apostatic selection (Clarke, 1979) . Assuming that predators form a search image where IB(λ ) is the spectral reflectance function of the background, S(λ )is the spectral 142 sensitivity function of each photoreceptor, and D(λ ) is the illuminant irradiance spectrum. 143 Secondly, the quantum flux P (relative amount of photon catch) is calculated, as follows: 
where IS(λ)is the spectral reflectance function of the stimulus. Assuming that the 145 maximum excitation of a photoreceptor is 1, the phototransduction process is determined 
Stimuli spectra are projected in specific color spaces. The coordinates of each 148 spectrum are calculated using photoreceptor excitations, as follows (Chittka et al. 1994) :
For tetrachromat organisms (Théry and Casas, 2002) :
We extended the model of Chittka (1992) 
Chromatic contrast between a color stimulus and background, or between two color stimuli, is calculated as the Euclidean distance (∆ S) between two points in color 154 space, as follows:
where Xi (i = 1, 2, 3,…, n) represents the coordinate in the color space.
156
The color spaces are chromaticity diagrams and, thus, do not estimate the 2001). For Diptera, the number of photoreceptors is not so conservative among species 200 and there are not many studies on the color vision of this taxon (Briscoe and Chittka, 201 2001; Lunau, 2014) . Visual modeling work have usually considered Diptera as a 202 tetrachromatic organism O'Hanlon et al. 203 2014). However, recent work showed that Drosophila melanogaster use a fifth 204 photoreceptor for color vision (Schnaitmann et al., 2013) . Although it remains to be tested 205 whether this species behave as pentachromat we decided to explore this possibility and 206 modelled this is species using five spectral curves for color vision.
207
For A. mellifera and D. melanogaster, we used photoreceptor sensitivity curves 208 from the literature (Peitsch et al., 1992; Schnaitmann et al., 2013) . It was recently shown 209 that, together with R7-R8 photoreceptors, R1-R6 photoreceptors contribute to color vision 210 in D. melanogaster (Kelber and Henze, 2013; Schnaitmann et al., 2013) . Therefore, we 211 included the R1-R6 photoreceptor curve, treating D. melanogaster as a pentachromat.
212
The graphical curves were extracted directly from the figures of relevant publications 213 using DataThief III version 1.7 (Tummers, 2006) . For Fabriciana adippe, however, no 214 photoreceptor sensitivity curves are available, so electrophysiological measurements of 215 photoreceptor sensitivity peaks (max; Eguchi et al., 1982) were used to estimate the 216 photoreceptor curves (for details see Govardovskii et al., 2000) .
217
For achromatic contrast, bees only use the green photoreceptor (Giurfa et al., 218 1996) , whereas flies only use the outer photoreceptors (R1-R6; Kelber & Henze, 2013) .
219
Because the exact mechanism used by lepidopterans for achromatic discrimination is 220 incompletely understood, we assumed that they employ the same mechanism as in bees.
221
The color hexagon model assumes that photoreceptors respond to half their maximum 222 for the background they are adapted to, so that the photoreceptor excitation for 223 background is equivalent to 0.5 units (Chittka, 1992) .
224
The multiple prey hypothesis predicts that different prey taxa perceive color 225 morphs differently. the recommendations of Nakagawa and Schielzeth (2013) .
236
As a reference point, we used a color discrimination threshold of ΔS= 0.11, which 237 is the threshold value below which trained bees are unable to distinguish different flower 238 colors (Chittka, 1996) . However, discrimination thresholds are variable and can change 239 depending on the study species, learning conditions, previous experience, background 240 coloration, whether the task involves discrimination between colors or detection against 241 the background, and whether objects are compared sequentially or simultaneously 242 (Avarguès-Weber & Giurfa, 2014) . It should also be noted that threshold values were not 243 behaviorally validated for other taxa. unknown items, as well as spectrum files that did not cover 300 to 700 nm. Most species 251 in the database have only one reflectance spectrum, and for species with multiple 252 reflectance spectra, we randomly selected a single spectrum. We did not average the 253 reflectance of these species because there was no information available on whether these 254 measurements referred to different individuals or different parts of single flowers. In total, 255 we gathered reflectance data from 859 plant species. We grouped flowers visually 256 according to the 10 categories proposed by Chittka et al. (1994) , considering whether they 257 reflect or absorb in four spectral ranges, UV (300-400 nm), blue (400-500 nm), green (500-258 600 nm) and red (600-700 nm). We deleted three spectral curves that did not seem to fit 259 in any of these categories. A caveat of this analysis is that these flowers are not necessarily sympatric to Gasteracantha cancriformis. However, flowers spectral curves variation are subtle, because there is a constraint on flower pigments blending (Chittka and Menzel, 262 1992; Chittka et al. 1994 ). In addition, we computed reflectance curves from different 263 countries available in FReD database. A qualitative analysis strongly suggests that they all 264 have similar shapes (Fig. S1 ).
265
The multiple mimic model hypothesis predicts that different colour morphs are 
where λ is the wavelength at the middle point between the minimum and maximum 270 reflectances;
where 
where Rmax is the maximum reflectance. 275 We estimated the chromatic difference between individual flowers and the mean morph was defined as yellow, white, red, or black and white, flower category as '1' to '10', and the observers were defined as hymenopteran, dipteran, or lepidopteran.
Individual spiders and individual flowers were considered as random effects. Normality 290 and homogeneity were verified as for the first hypothesis. We selected the best model 291 using AIC, and computed marginal and conditional R² for each model (Nakagawa and 292 Schielzeth, 2013).
293
As reference points, we used discrimination thresholds of ΔS = 0.11, for the 294 chromatic contrast, and for the achromatic contrast, we assumed the excitation value of 0 295 for all the three insect taxa.
297
Multiple predator hypothesis 298
The methodology used to investigate the multiple predator hypothesis methodology was 299 very similar to that used for the multiple prey hypothesis, except that we used predator 300 species in our models. As predators, we considered the bird Parus caeruleus (Paridae) 301 and the wasp Philanthus triangulum (Sphecidae), since birds and wasps are the main 302 predators of orb-web spiders (Rayor, 1996; Foelix, 2010) (Peitsch et al., 1992) nor Passeriformes (Hart, 2001) .
310
The multiple predator hypothesis predicts that different predator taxa perceive 311 color morphs differently. To assess this prediction, we established two linear mixed all nested models and used the Akaike Information Criterion to select the best model.
We estimated marginal and conditional R² for the models as recommendations of Nakagawa and Schielzeth (2013) .
321
As in the multiple prey hypothesis, we used discrimination thresholds as reference 322 points. For the chromatic contrast, we considered color discrimination thresholds of ΔS = 323 0.11 and ΔS = 0.06 for the wasp (Dyer and Chittka, 2004) and bird (Théry et al., 2005) presented the highest ΔS value for D. melanogaster, followed by the yellow morph ( Fig.   334 1). The white patch of the black and white spiders presented a ΔS value that was very 335 close to the theoretical discrimination threshold for all prey species (Fig. 1) . The red 336 spiders presented ΔS values near the theoretical discrimination threshold for A. mellifera 337 and D. melanogaster, but not for F. adippe (Fig. 1) . For prey achromatic contrast, the 338 model that included the interaction between variables presented the lowest AIC value 339 (Table 1) . For all prey groups, the white morph had the highest excitation value, followed 340 by the black and white, yellow, and red morphs, respectively (Fig. 1) . The model 341 coefficients are provided in the supplementary material (Table S1 and S2).
343
Flower mimicry hypothesis 344 We found three peaks of hue for the flowers, around 400, 500 and 600 nm, which are 345 similar to the average hue of spider morphs ( Fig. 2A) . The saturation metric had only one 346 peak for flowers, to which black and white, white and yellow spider morphs were close 347 (Fig. 2B) . The brightness of flowers also only presented a single peak, and white, red and 348 yellow spider morphs had average brightness near to this peak (Fig. 2C) .
For all three prey species, only the white patch of the black and white morph had high percentage of values near the chromatic theoretical discrimination threshold of 0.11 
Tables

